Initiation of the innate immune response requires agonist recognition by pathogen-recognition receptors such as the Toll-like receptors (TLRs). Toll/interleukin-1 receptor (TIR) domain-containing adaptors are critical in orchestrating the signal transduction pathways after TLR and interleukin-1 receptor activation. Myeloid differentiation primary response gene 88 (MyD88) adaptor-like (MAL)/TIR domain-containing adaptor protein (TIRAP) is involved in bridging MyD88 to TLR2 and TLR4 in response to bacterial infection. Genetic studies have associated a number of unique singlenucleotide polymorphisms in MAL with protection against invasive microbial infection, but a molecular understanding has been hampered by a lack of structural information. The present study describes the crystal structure of MAL TIR domain. Significant structural differences exist in the overall fold of MAL compared with other TIR domain structures: A sequence motif comprising a β-strand in other TIR domains instead corresponds to a long loop, placing the functionally important "BB loop" proline motif in a unique surface position in MAL. The structure suggests possible dimerization and MyD88-interacting interfaces, and we confirm the key interface residues by coimmunoprecipitation using sitedirected mutants. Jointly, our results provide a molecular and structural basis for the role of MAL in TLR signaling and disease protection.
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innate immunity | protein-protein interactions | X-ray crystallography T oll-like receptors (TLRs) are a family of single-pass transmembrane proteins that mediate innate immune responses to microbial stimuli such as bacterial lipids and nonself nucleic acids (1, 2) . These molecules bind directly to the extracellular domains of the receptors and induce oligomerization, bringing the juxtamembrane sequences into close proximity and leading to the dimerization of the cytosolic Toll/interleukin-1 receptor (TIR) domains (3, 4) . This activated conformation of the receptor provides a scaffold for the recruitment of downstream signal transducers into a postreceptor complex that causes activation of transcription factors such as NF-κB, p38 MAP kinase, and the IFN response factors.
The 10 human TLRs use five different signaling adaptor proteins that, like the receptors, contain TIR domains (5) . A TIR domain has a globular fold with α/β secondary structure elements linked together by variable loops. The homo-and heterotypic TIR-TIR domain interactions play a pivotal role in the assembly of the TLR signalosomes and in initiation of the signaling pathway, with the loops providing the specificity of interactions (6) . Adaptor TIR domains are proposed to bind at two symmetry-related sites formed upon receptor activation (7) . The myeloid differentiation primary response gene 88 (MyD88) adaptor is used by all TLRs, except TLR3, and by the interleukin-1 family of inflammatory cytokine receptors (8) . It is a bipartite molecule with a death domain in addition to a TIR domain. MyD88 death domains assemble into a highly oligomeric structure called the Myddosome (9) . The other adaptor proteins fulfill more specialized roles. TIR domain-containing adaptor-inducing IFN-β (TRIF) couples directly to TLR3, leading to antiviral responses. The most complex adaptor use is displayed by TLR4. Activation of TLR4 by lipopolysaccharide, a complex glycolipid from the outer membrane of Gram-negative bacteria, leads to initial recruitment of either TRIF-related adaptor molecule (TRAM) or MAL/TIR domain-containing adaptor protein (TIRAP). These proteins are thought to function as "bridging" adaptors for MyD88 and TRIF, which transduce TLR4 signals originating from the cell surface or from the endosomal compartment, respectively (10) .
Crystal structures for the TIR domains from TLR1, TLR2, TLR10, interleukin-1 receptor accessory protein-like (IL-1RAPL), a protein from Paracoccus denitrificans (PdTIR), a protein from Arabidopsis (AtTIR), and the flax resistance protein L6 (11) (12) (13) (14) (15) (16) , as well as the solution NMR structure of the TIR domain from MyD88 (17) , have been determined. Although there is a lack of structural and biophysical information on the heterotypic TIR-TIR domain interactions, the lattice interfaces present in crystal structures, together with mutagenesis data, have yielded insights into homotypic TIR-TIR domain interactions, which have been extended to the structural modeling of TLR signalosome complexes. These studies have identified a number of conserved loop regions, including the BB loop, that are important in mediating complex assembly (7, (18) (19) (20) (21) (22) .
The structure and function of the MAL adaptor is of particular interest because it is subject to multiple direct and indirect regulatory inputs. MAL associates constitutively with the plasma membrane through a phosphatidylinositol-4,5-bisphosphate (PIP2)-binding motif at the N terminus of the protein, an interaction essential for its function (23) . Phosphorylation by Bruton's tyrosine kinase (Btk) leads to recruitment of suppressor of cytokine signaling 1 (SOCS1) and MAL degradation (24, 25) , and phosphorylation by interleukin-1 receptor-associated kinase (IRAK)-1 and IRAK-4 promotes MAL ubiquitination and degradation (26) . MAL function is also regulated by the cysteine protease caspase-1, which cleaves the protein in a region of the molecule that interacts with MyD88 (27, 28) . The motif comprising residues 183-193 binds to the E3 ubiquitin ligase TNF receptor-associated factor 6 (TRAF6), which is a downstream transducer of the TLR pathway and is required for activation of NF-κB (29) . Binding of TRAF6 to MAL appears to fulfill a secondary role in transactivation by inducing phosphorylation of the p65 NF-κB.
MyD88 binding and signaling are also impaired in a rare MAL polymorphism, D96N. The importance of the MAL adaptor for host defense is further emphasized by the properties of a common S180L human polymorphism. Individuals heterozygous for the serine and leucine forms are protected in malaria, tuberculosis, and pneumococcal pneumonia infections (30) , but individuals homozygous for the leucine form have an increased risk of sepsis (31) and fail to respond to the Haemophilus influenzae serotype b (Hib) vaccine (32) . It is likely that vaccine failure and sepsis occur because of an inability to mount a response to the vaccine or to the invading bacteria, respectively. Thus, subtle changes in MAL structure can have large effects on the development of protective immune responses.
This article describes the crystal structure of human MAL adaptor, revealing unexpected structural features and functional interfaces involved in homodimerization and interaction with MyD88, which we validate through site-directed mutagenesis.
Results
Crystal Structure of MAL TIR Domain. We used a high-throughput recombinant cloning and expression methodology to identify stable constructs of human MAL TIR domain suitable for largescale production and crystallization. We tested one of these constructs (lacking 29 N-terminal residues; MALΔ29) functionally, demonstrating that it retains the functional properties of full-length MAL except, as expected, plasma membrane localization (SI Appendix). The construct comprising residues 79-221 (herein termed MAL-TIR) eventually yielded the most useful crystals that diffracted to 3-Å resolution and allowed the structure to be determined (SI Appendix). The structure reveals a single molecule in the asymmetric unit composed of a TIR domain fold containing a five-stranded parallel β-sheet (βA-βE) surrounded by four α-helices (αA and αC-αE) ( Fig. 1 ; the naming convention follows that in ref. 12 ). The MAL-TIR fold differs from other TIR domain structures because it lacks a helical segment (αB) between the βB-and βC-strands and instead contains a long loop (AB) connecting the first helix (αA) and the βB-strand (SI Appendix). Most of the residues comprising this loop were not visible in the electron density, presumably because of its inherent flexibility. Remarkably, however, the AB loop sequence shows significant similarity with the functionally important BB loop segment in other TIR domains, suggesting that a structural rearrangement has occurred in MAL despite the sequence retaining BB loop features (SI Appendix).
Unexpectedly, the fold is further stabilized by two disulfide bonds (residues C89-C134 and C142-C174) (Fig. 1) . The other two cysteine residues, C91 and C157, are 4.8 Å apart but displayed continuous electron density between the two thiol groups that was modeled as a single molecule of DTT, which was present throughout protein purification and crystallization (SI Appendix).
MAL-TIR shows a low level of amino acid sequence similarity to the other human TIR domains, with the closest homolog being MyD88-TIR (24% identity), followed by TLR2-TIR (23%). Searches using DALI (33) confirmed that these are the closest human structural homologs with, respectively, RMS distance values of 2.6 Å (over 96 Cα atoms) and 3.0 Å (over 95 Cα atoms) and Z scores of 10.4 and 10.2 ( Fig. 2A) . Surprisingly, the closest structural homologs are the bacterial protein PdTIR (15) MAL Oligomerization Interfaces. Two distinct dimers were observed in MAL-TIR crystals. We analyzed the possible physiological significance of each of these interactions by using the PISA server (34) . The interface areas amounted to w750 Å 2 and w640 Å 2 for the two interactions, denoted hereinafter as interaction 1 and interaction 2. The interactions occur at distinct spatial locations (Fig. 3) . The two monomers of the dimer in interaction 1 are related by a twofold symmetry axis (Fig. 3A) . The most significant contributions, in terms of buried surface area, are from P155 and W156, both of which stack against a partially hydrophobic cavity formed by P189 and F193 of its symmetry partner. Other residues in the interface include Y159, E190, T166, and L162. The AB loops of both symmetry partners are not involved in interface formation and are exposed at the opposite sides of the assembly.
In contrast to interaction 1, interaction 2 results in an asymmetric dimer (Fig. 3B ). However, in this instance, it is the very Nterminal region and the AB loop of one protomer that participates in the interface. The indole ring of W82 is sequestered within a deep cleft formed by R184, Y187, P189, and R192. Notably, P125 of the AB loop is in close proximity to this pocket. Y196 is below the pocket, and its phenyl ring is oriented toward the sequestered tryptophan. Overall, there is a significantly higher density of hydrogen bonds and salt bridges across this interface than in is interaction 1. Structural Basis for the Phenotype of MAL D96N and S180L Variants.
Previous modeling studies in our laboratories suggested that the recruitment of MyD88 to the TLR is mediated by the oppositely charged electrostatic surfaces of the two adaptors, contributing significantly toward their structural complementarity (7, 21, 35) . Indeed, whereas the surface of MyD88-TIR and TLR4-TIR are largely basic, there are significant acidic patches on the MAL surface (Fig. 4 A-C) . A prominent surface patch is centered on D96 of MAL. The D96N mutation affects the distribution of negative charge within this patch (Fig. 4 D-E) , which could be sufficient for the failure of this variant of MAL to associate directly with MyD88. In both putative modes of MAL dimerization, the region surrounding D96 remains fully exposed and could participate in the recruitment of MyD88.
One aspect in which the MAL crystal structure differs significantly from previous theoretical models is in the location of S180. Previously modeled as buried deep within the core of the protein, this residue is in fact solvent-exposed at the end of strand βD. This site is also in close proximity to the prominent acidic surface patch and w10 Å from D96. The side chain of the serine appears to border a prominent cavity within the structure, which is located at the edge of the acidic patch, and substitution with a bulkier leucine side chain would lead to steric occlusion of this cavity (Fig. 4F ).
MyD88-Interacting Interface Includes D96 and S180 in MAL. A number of surface residues in MyD88-TIR have been systematically investigated, through site-directed mutagenesis and reporter assays, for involvement in the interaction with MAL (17) . It was found that mutation of two residues, R196 and R288, could abolish the TIR-TIR domain interaction and abrogate the signal response. Protein docking of the experimentally derived MyD88-TIR structure and a homology model of MAL-TIR was then used to propose a model in which a single MyD88-TIR binds two molecules of MAL-TIR at opposing interfaces. This model did not take into account more recent studies showing a direct role for MAL D96 in heterotypic MAL-MyD88 TIR-TIR domain association and the likelihood that homotypic TIR-TIR domain associations may have a role in the formation of the complex. We docked the experimental structures of both molecules, taking into account only the information provided by the structures themselves, such as surface and electrostatic complementarity. Five of the 10 best-docked complex models place the MyD88-TIR in very close proximity to the interface harboring the D96 and S180 residues in MAL (Fig. 5) . Moreover, MyD88 R196, a residue known to be important for MAL binding (17) , also consistently places in close proximity to MAL.
Functional Significance of the Identified Interfaces. To evaluate the functional consequences of disrupting the identified oligomerization and MyD88-binding interfaces, we generated a series of alanine substitutions of key interface residues. Coprecipitation experiments were carried out in HEK293T cells transiently transfected with FLAG-tagged MyD88 in conjunction with WT and mutant variants of HA-tagged MAL. As shown in Fig. 6A (lane 2), we were able to detect MAL-and MyD88-tagged protein complexes by coimmunoprecipitation. However, the substitution of residues in the region between residues 162 and 166 (Fig. 6A, lanes 6-8) consistently inhibited the ability of MAL to immunoprecipitate with MyD88, suggesting that these residues are critical for the MAL:MyD88 TIR:TIR domain heterotypic association. We also tested the interaction of MyD88 with WT MAL and its variants corresponding to polymorphisms D96N and S180L. Consistent with previous results, D96N MAL variant is unable to form a complex with MyD88, but S180L MAL variant is unaffected (Fig. 6B ). Both variants are still able to form homodimers. This result is consistent with previous studies that suggest that S180L is hypomorphic, i.e., that it exhibits a partial loss of function (35) . Finally, we show that the reducing agent DTT affects the interaction of MAL with MyD88 but not the interaction of MAL with TLR4 or MAL homodimer formation (SI Appendix).
Discussion
In this article, we describe the crystal structure of the TIR domain from the adaptor protein MAL. The structure differs significantly from previously published homology models (Cα RMS distance of 4.3 Å) (6) (SI Appendix). This observation reflects the low level of amino acid sequence identity (17-24%) with TIR domains with known structures and highlights the difficulty of computational modeling and the importance of determining experimental structures at this level of sequence identity. Of particular note, although the TIR domain BB loop signature motif is conserved in MAL, it is found in an entirely different structural arrangement in MAL, preceding strand βB (and therefore instead corresponding to the AB loop in MAL) (SI Appendix). The resulting configuration may be a key structural feature distinguishing the function and specificity of MAL and bridging adaptors from other TIR domains. Furthermore, the polymorphic residue S180 is surface-exposed, rather than being buried as predicted in the homology model (6), and is within w10 Å of D96, a residue required for MyD88 recruitment.
The crystal structure reveals two potential dimerization interfaces. Although purified MAL behaves as a monomer in solution, it forms a homodimer in vivo (21) . It appears that weak dimerization is a general feature of TIR domain function and that stabilization of this interaction by membrane attachment or within the context of a larger complex represents a key regulatory mechanism. This concept is consistent with the observation that all TIR domain-only protein constructs that have been biochemically characterized to date are monomeric in solution, but several crystal structures reveal substantial dimeric interfaces that have been presented as reflective of natural associations (11, (14) (15) (16) . Intriguingly, the dimer interfaces differ substantially in every structure reported (SI Appendix). For example, TLR10-TIR contains a symmetric dimer within the asymmetric unit of the crystal, with the most significant contacts made by residues of the BB loops, the αC-helices, and a part of the DD loop (14) . In the TLR2-TIR structure, a different spatial arrangement is observed, with the proposed asymmetric dimeric interface mediated by the residues of the αB-, αC-, and αD-helices and CD and DD loops of one symmetry partner, with the αB-helix and BB loop of another (12) . In the case of MAL, interaction 1 ( Fig.  2A) is likely to represent the physiologically relevant interface. First, this configuration has the most extensive interface and, crucially, has twofold symmetry, which means that the N termini of the two subunits are oriented in the same direction, allowing MAL-TIR is shown in light red, and MyD88-TIR is in light blue. The R196 residues in the MyD88-TIR molecules are shown as blue spheres, and the D96 and S180 residues in MAL-TIR are shown as red spheres. Five of the 10 best-scoring solutions place the MyD88-TIR structure within the structural vicinity of the interface comprising the D96 and S180 residues in MAL-TIR (and also R196 in three molecules). were transiently cotransfected with FLAGtagged MyD88 and the indicated HA-tagged MAL constructs. Cells were coimmunoprecipitated with anti-FLAG M2-agarose beads, followed by immunoblot analysis with anti-HA antibody. Cell extracts were used to check expression of transfected HA-MAL constructs, and FLAG-MyD88 immunoprecipitation was checked by immunoblotting with anti-FLAG M2-horseradish peroxidase-conjugated antibody (n = 3). (B) HEK293T cells were cotransfected with either Myc-tagged MAL, MAL S180L, or MAL D96N constructs and FLAG-tagged MAL (lanes 1-3) or FLAG-tagged MyD88 (lanes 4-6). Interacting complexes were immunoprecipitated with anti-FLAG beads. Expression levels of each protein, along with detection of immunoprecipitated MAL and MAL mutants, were visualized by immunoblotting with anti-Myc antibody (n = 3).
the phosphatidylinositol-4,5-bisphosphate (PIP2)-binding motifs of both protomers to associate with the membrane. By contrast, interaction 2 (Fig. 2B) is asymmetric, and it is unlikely that such a dimer would be able to dock stably with the membrane. Cyclic symmetry, such as that imposed by a twofold crystallographic axis, is prevalent in proteins that interact with membranes because it imposes directionality, which in turn leads to thermodynamically favorable protein-lipid associations (36) . In a more general sense, what is clearly emerging is that there may not be a universal dimerization interface in TIR domains but that specific features of the dimer interface may correlate with the specific function of the TIR domain and its interacting partners. This concept is consistent with the observation that the conservation of quaternary structure decreases significantly when the protein sequences are less than 30% identical (37) .
This work also provides a molecular explanation for the properties of two polymorphisms in MAL in humans: S180L and D96N. Individuals who carry the S180L allele are susceptible to a variety of diseases (30) (31) (32) , and the rare D96N allele has been shown in a Chinese population to predispose individuals to the development of tuberculosis (38) . The structure reveals that these residues are within w10 Å of each other on the surface of MAL in a probable heterotypic TIR domain-binding site. Docking of the experimental structures of MAL and MyD88 identifies the acidic surface that includes S180 and D96 as the likely binding interface for MyD88, a conclusion further supported by the location of MyD88 residue R196 in the interface in the docked models. Humans homozygous for the R196C variant in MyD88 are highly susceptible to infection by Gram-positive bacteria, although they are able to resist infection by other pathogens (39) . The importance of this acidic patch for MyD88 recruitment is supported by binding experiments (Fig. 6B) . MAL D96N variant is unable to bind MyD88, although the interaction is observed in the case of the S180L variant. The structure shows that S180 is in a surface-exposed cavity and that substitution by leucine is likely to cause steric occlusion of the cavity. MyD88 may bind in a different configuration to MAL S180L variant, which might interfere with the formation of the receptor ternary complexes required to initiate signaling. This result is also consistent with the weak dominant-negative effects of MAL D96N, preventing MAL from recruiting MyD88 to the plasma membrane and interfering with MAL phosphorylation (35) . Thus, our model supports the hypothesis that loss or alteration of the direct interaction between MAL and MyD88 normally mediated through R196, S180, and D96 may be responsible for the clinical symptoms associated with the increased risk of infection. It is also likely that heterotypic interactions between the receptor and MAL adaptor TIR domains is mediated by the AB loop, in agreement with previous studies (7, 35) . In addition, a preliminary docking analysis suggests that this arrangement places the MyD88 TIR domain in position where it can form a second interface with the receptor TIR homodimer (SI Appendix), which is consistent with MAL acting to sensitize MyD88-directed signaling, as proposed previously (35) .
Intriguingly, functional investigation of alanine-substitution mutants revealed that the region observed structurally to be important for self-association in MAL (residues 162-166) is also crucial for the ability of MAL to associate with MyD88. This finding suggests that, for the TLR adaptor proteins, the homoand heterotypic associations within their TIR regions are likely to be closely intertwined events with substantial functional crosstalk.
An unusual feature of the MAL-TIR structure is the stabilization of the TIR fold by two internal disulfide bonds, a unique phenomenon among the TIR domain structures reported so far and an unusual feature for a cytosolic protein (40) . Another two thiol groups, from C91 and C157, are within close structural proximity ( Fig. 1 and SI Appendix) and are exposed on the protein surface. S-nitrosylation of a single cysteine residue by nitric oxide (NO) within the TIR domain of MyD88 was found to lead to the attenuation of interaction with MAL and downstream signaling (41) . It is interesting that one of the unpaired cysteines observed in the MAL structure, C157, is highly conserved in other TIR domains (SI Appendix). Recently, C747 residue in the TIR domain of TLR4 (corresponding to C157 in MAL) was demonstrated to be a critical residue for binding the smallmolecule inhibitor of TLR4-mediated signaling, TAK-242 (resatorvid) (42) . C747 and C706 are also critical for NF-κB activation (7) . TAK-242 acts by interfering with protein-protein interactions between the TIR domains of TLR4 and MAL or TRAM (43) . These studies underscore the potential role of reactive cysteines in the formation of heterotypic TIR-TIR domain associations.
MAL is known to be regulated by several different posttranslational modification events, and the structure sheds light on the molecular basis of some of these. The cleavage by caspase-1 would remove helix αE and modify the predicted MyD88-interacting surface. The Btk phosphorylation sites Y86 and Y106 are solvent-exposed, whereas Y187 is less so and phosphorylation could induce some local conformation changes. None of these residues are near the predicted dimerization interface, but Y106 and Y187 are near the predicted MyD88-interacting interface. The IRAK-1 and IRAK-4 phosphorylation site T28 is outside of the TIR domain. The TRAF6-interacting region corresponds to the surface segment connecting β-strands βD and βE.
TLR signaling pathways are increasingly being targeted for therapeutic intervention in an effort to develop new treatments for pathologies of deregulated immune response, such as acute sepsis and chronic inflammatory diseases (44, 45) . Recently, a single mutation within the MyD88 TIR domain, L265P, was found to be present in almost one-third of all diffuse large B-cell lymphomas, an aggressive form of cancer with poor treatment prognosis (46) . L265P is a gain-of-function mutation that promotes tumor survival through stabilization of complexes with downstream kinases. Components of the TLR signaling pathways may therefore be integral to oncogenesis and could also be targeted in the development of novel cancer treatments. Future efforts toward determining the 3D structures of adaptor:receptor complexes will prove a critical step toward realizing the potential of effective, rationally designed drugs targeting the regulation of TLR signaling pathways.
Materials and Methods
Protein Production and Crystallization. Human MAL construct comprising residues 79-221 was expressed in Escherichia coli. After metal-affinity purification and size-exclusion chromatography, crystals were obtained in 10-12% PEG 10,000, 5% PEG 3,350, 0.2 M NaCl, 0.1 M Tris$HCl (pH 7.3), and 20 mM DTT. For data collection, the stabilizing solution was supplemented with 20% (vol/vol) glycerol. Full methods are described in SI Appendix.
Data Collection and Structure Determination. Data were collected on the MX2 beamline of the Australian Synchrotron, Melbourne, Australia, with Blu-Ice software (47) . Diffraction data were processed and reduced with XDS and Scala (48, 49) . The structure was determined by using a procedure (50) that combined molecular replacement with energy-and electron density-guided model building and refinement protocols with the program ROSETTA as implemented in the PHENIX suite (51, 52) and by using a search model based on the coordinates of the MyD88-TIR NMR structure (PDB ID code 2Z5V). Model improvement was monitored through R free during rounds of density modification and reciprocal-space refinement. After extensive manual rebuilding in COOT (53) , combined with maximum likelihood-based restrained refinement in BUSTER-TNT (54), the final model had R work /R free values of 0.23/0.25 (SI Appendix). The stereochemistry of the structure was assessed and validated with MolProbity (55) . Figures were generated with PyMOL (http://www.pymol.org) and CCP4MG (56) .
Immunoprecipitation and Immunoblot Analysis. Site-directed mutants of MAL were generated by GenScript. All mutations are unlikely to have destabilizing effects on the protein (SI Appendix). For immunoprecipitation experiments, HEK293T cells (2 × 10 6 ) were transiently transfected with FuGENE 6 (Roche Applied Science) (29) 
